The access to the abdomen and the creation of a pneumoperitoneum is an initial and particularly critical step of minimally invasive laparoscopic procedures. Insertion instruments such as the Veress needle need to be introduced blindly into the abdominal cavity, which is associated with inadvertent visceral and vascular injuries. To ensure safe positioning of the instrument, information about the entry path advancement of the tip through the abdominal wall is needed. The main objective of this work is to demonstrate the capability to acquire information about intracorporeal tissuetool interactions of the Veress needle tip, utilizing acoustic emissions recorded at the extracorporeal end of the needle. In an experimental setup, a Veress needle was inserted in a multitissue-layer phantom with a defined insertion speed. Acoustic emissions were recorded with a MEMS microphone attached to the extracorporeal end of the needle. In addition, the counteraction forces during insertion of the needle were measured and a video of the experiment was recorded as reference. With this setup, an audio database of characteristical insertion events was generated. For the classification of characteristic audio events and detection of tissue-layer crossing, features were calculated in the time and frequency domain. Subsequently, a feature dimensionality reduction was performed. The distribution clustering of the audio database in the three-dimensional feature subspace allows a distinction between certain characteristic audio events. The preliminary results show the capability of this acoustic emission based method to detect events related to the insertion of a Veress needle, such as tissue-layer crossing.
Automatic differentiation between Veress needle events in laparoscopic access using proximally attached audio signal characterization
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Introduction
Abdominopelvic laparoscopic interventions are performed via a small percutaneous access and within a gas-filled abdominal cavity. To generate the so called pneumoperitoneum, an insufflation instrument is inserted through the abdominal wall and positioned in the cavity between the abdominal wall and viscera. Subsequent to this initial step of the procedure, the cavity is inflated with gas. Most of the iatrogenic injuries in laparoscopic surgery occur during this first step of the procedure [1, 2] . A common insufflation instrument for this type of laparoscopy procedure is the Veress needle. It consists of a sharp hollow cannula with a blunt obturator located inside the needle, which acts as a safety mechanism. When the needle tip reaches a body cavity, the spring-loaded obturator is ejected to prevent the cannula from inadvertent intra-abdominal punctures or incisions. In addition, this mechanism causes a tiny clicking sound after a tissue-layer is crossed.
The surgeon uses the audible click along with his experience and haptic sensing of the tissue resistance to assess the progress of the needle through the abdominal wall. However, the insertion is carried out without visual control and this blind insertion is known to be responsible for 90 % of the major injuries in laparoscopy [1] . The problem of the blind insertion has been addressed by different approaches on the technical side. In general, the solutions propose different sensing technologies for the acquisition of information during the penetration of the Veress needle. Examples are optical solutions (optical fiber / videoscope) for visual observation of the needle path [3, 4] or force and pressure sensors embedded at the needle tip [5, 6] . Other works have proposed illumination technology that activates when a tissue puncture occurs [7, 8] . The technological solutions have a common drawback, they require special tools and cannot be simply be attached as addons solution to already existing standard Veress needles. Additionally, the used sensors are typically located in or next to the instrument tip, i.e., in the part of the device that is inserted inside the body. This results in direct contact with tissue and human body fluids and imposes serious design limitations in order to fulfill clinical requirements.
A novel approach for acquiring additional information from medical interventional devices based on acoustic emission (AE) has recently been proposed by our research group [9] . Vibrations produced by the tool-tissue interaction are transmitted over the structure of the instrument and picked up by an audio sensor at the proximal end. In this work, we have adapted this concept to non-invasively acquire information regarding the interaction between the Veress needle tip and the penetrated tissue. The hypothesis is that this method could serve as a basis for the identification of puncture or tissue-layer crossing during the insertion of the needle. With that, enabling an improved orientation and localization of the needle tip and a reduction of related injuries.
Methods

Experimental setup
An experimental setup ( Figure 1a ) was designed to generate events related to the insertion of a Veress needle in a reproducible way. The path through the abdominal wall can be described as the passage of different tissue layers (skin, fatty tissue, muscle) with several layer crossings and punctures (fasciae). For the experiments, a metallic Veress needle with a cannula length of 120 mm, a diameter of 2mm and, an obturator diameter of 1.6 mm (KLS Martin GmbH, Freiburg, Germany) was used. The needle was fixed in a material testing system (Zwicki, Zwick GmbH & Co.KG, Ulm, Germany), which introduced the needle at a constant speed of 5 mm/s in a vertical downward movement and simultaneously measured the occurring counteraction forces. As the abdominal wall phantom, a gelatin block filled with ex-vivo porcine fat tissue was used. A 3D printed adapter was connected to the valve at the proximal end of the needle and equipped with a MEMS microphone sensor. A camera was used to record a video of the experiment in order to visually track the progression of the needle in the phantom. Analysis and processing of the signals were performed using Matlab R2015b.
Database implementation
The Veress needle insertion was performed 11 times. For each insertion video, force and audio signals were recorded. The synchronization between measurements was made using acoustic reference points. The audio signal was acquired with a sampling frequency of 44100 Hz and recorded in WAV format, the force signal was acquired every 0.08 mm and the video was acquired at a sampling rate of 120 fps.
As seen in Figure 1b , the needle passed through three types of tissue: gelatin, porcine fat and, fascia. Each type of tissue represents an event. After each fascia, a fourth event is considered because of a 'click' sound produced by the Veress needle. In a single insertion, 8 events are present, two from each event. In the end, 88 events compose a database divided into puncture, fat, gelatine and click.
Feature extraction
In order to reduce low and high frequency components, initially, the signal was bandpass filtered with cut-off frequencies of 300 Hz-16 kHz. Then, based on previous literature concerning audio signal feature extraction [10, 11] , 19 features were extracted from each audio signal segment: 1) Coefficient of variation, 2) Zero-crossing rate, 3) Spectral centroid standard deviation, 4) Spectral Rolloff, 5-14) ten features consisting on ratios between sub-band spectral energies and total energy, 15) average signal power, 16) signal energy standard deviation by mean ratio, 17) width of bandwidth containing 99 % of the total spectral energy, 18) lower bound and 19) upper bound of the bandwidth computed for feature 17. 
Feature dimensionality reduction
In order to represent the calculated information in lowdimensional feature space, it was necessary to perform a feature dimensionality reduction. The reduction was performed based on the variance of the features and correlation between features. The variance represents the contribution of information that a feature provides. Since it is intended to differentiate between four different classes, it was decided that a small variance was not a sufficient criterion for the elimination of a feature. Therefore, the correlation between features was used as a second criterion. The correlation between two features provides information about the similarity of the information that they contain. A high correlation indicates a high similarity and justifies the exclusion of one of the features. To decide on which feature should be excluded, the variance of the features was used in a second step. Following this methodology, 11 features were excluded. The remaining 8 features were 15, 16 and 18 as well as the ratio between sub-band spectral energy and total energy for the 5 sub-bands 0-1 kHz, 3-4 kHz, 4-5 kHz, 5-6 kHz and 8-9 kHz. In the next step, principal component analysis (PCA) was applied to the remaining data in combination with singular value decomposition (SVD). The algorithm computes a set of linearly uncorrelated variables (principal components) in such a way that the order indicates the variance of the respective component. As a result, a large proportion of the scattering and artifact information of the data is represented by certain components, while others only contain a negligible amount of information. After performing the PCA for the 8 selected features, approximately 99% of the total variance of the dataset can be preserved and represented by the first three components. The ratio of preserved variance before and after dimensionality reduction via PCA can be determined from the eigenvalues and represents a measure for the contained information. Figure 2 exemplarily shows an audio recording and the synchronous acquired force signal during a Verres needle penetration into the phantom. The four layers of the phantom correspond with four tissue layer crossings: L1) air-gelatine, L2) gelatine-fat, L3) fat-fat separated by a fascia, L4) fatgelatine separated by a fascia. The fascia layers L3 and L4 are the layers in which a significant puncture occurs during the insertion process. It is possible to observe that events in the force and audio signal can be associated with events occurring along the needle path. The force signal shows a clear increase and eventually peak followed by a drop for layer-crossing, indicating that a perforation occurred. Each perforation causes an abrupt audio transient change that is composed of several time-variant patterns. Based on observations from the recorded videos and supported by the force signal, five main events can be identified: E1) contact of the Verres obturator tip with the surface of the tissue layer, E2) the tip of the cannula starts to approach towards the tip of the obturator, E3) the tip of the cannula enters in contact with the surface of the tissue, E4) tissue puncture, E5) the obturator returns back producing a clicking sound. These events can be identified in the force signal, while only minor changes can be observed in the audio signal for E1 and between E2 and E3. When a puncture occurs (L3 and L4) a significant audio change can be observed, followed by a second observable change due to the clicking sound of the Cannula. Figure 3 shows the first three principal components PC1-3 and their respective values for the 88 acquired segments in the database, belonging to the four different types of events. PC1 (upper left) and PC2 (upper right) primarily contribute to the detection of the puncture and click events. Further can be observed, that the passage through gelatine produces higher PC1-and lower PC2-values, compared to the passage through fat. This suggests a potential classification between different tissue types based on AE. PC3 contributes to the differentiation between the higher energetic puncture and click events and events resulting from tissue cutting. Figure 4 displays the distribution of data points in the threedimensional PCA subspace and provides a general impression of the clustering of the 88 audio segments after feature dimensionality reduction. A clear divergence can be observed between the click and puncture events as well as the tissue passage events represented by fat and gelatine. Although the difference between data of the tissue passages in fat and gelatine is less pronounced, a classification-related decision boundary could lead to results of sufficient sensitivity. The preliminary results indicate that information regarding the position of the needle tip during insertion can be extracted from the AE signals. However, due to a small number of measurements and the limitation of only one phantom being used, the significance of the results for the proposed calculation method cannot be assessed sufficiently. In order to prove the general validity of the method, it is necessary to repeat the experiment on a larger scale with several specimens. Further, a possible influence of factors such as the puncture angle or slight differences in the speed and direction of the movement has to be investigated in further studies. Eventually, to evaluate a classification algorithm for events occurring in laparoscopic procedures, features have to be assessed based on a more realistic representation, for example, the abdominal wall of an animal.
Results and discussion
Conclusion
The content of information in the acoustic emission radiated from the tip of a Veress needle during insertion into a multilayered tissue specimen was investigated. The differentiation of specific events related to the insertion process could be demonstrated by a suitable feature extraction and selection method. The ability to capture information about the needletissue interaction through an acoustic signal is a promising new approach for the implementation of a monitoring tool for laparoscopic access. In contrast to existing solutions, the proposed approach can be implemented as an add-on device. It is not limited by space requirements at the needle tip, which are often accompanied by miniaturization costs. Due to the proximal placement, no insertion of electrical components into the body or direct contact with tissue or body fluids has to be considered in the design. 
